• Premise of the study : To understand the origins of C 4 grasslands, we must have a better interpretation of plant traits via phylogenetic reconstruction. Muhlenbergiinae, the largest subtribe of C 4 grasses in Mexico and the southwestern United States (with 176 species), is taxonomically poorly understood.
Grassland ecosystems are one of the most easily recognized biomes in the world, covering about 40% of the earth ' s surface ( World Resources, 2000 ; Gibson, 2009 ) , and they are also threatened and highly endangered. Humans evolved with grasslands, and we depend on grasses and grasslands for our sustenance directly as crops (rice, corn, and wheat) and indirectly as forage for herbivores. However, only a small fraction of grassland ecosystems remains intact today, and we need to study the biodiversity of this important biome from an evolutionary perspective before it is destroyed.
The Muhlenbergiinae Pilg. is a diverse assemblage of C 4 grasses containing 176 species that dominate grasslands in the western hemisphere. Species such as Muhlenbergia montana (Nutt.) Hitchc. (mountain muhly) and M. rigida (Kunth) Kunth (purple muhly) are the most common grass species of highplateau grasslands in north central Mexico, the southwestern United States, and, to a lesser extent, along the Andean Cordillera of South America. Yet evolutionary relationships and a modern classifi cation of the Muhlenbergiinae based on the study of molecular characters have not been completed. To understand the origins and rise of C 4 grasslands, a better interpretation of plant traits via phylogenetic reconstruction is essential ( Edwards et al., 2010 ) .
The placement of Muhlenbergia Schreb. within the grasses has been the subject of many papers since the genus was included in the subfamily Festucoideae, tribe Agrostideae by Hitchcock (1935) [see Table 1 for a summary of taxonomic treatments in the Muhlenbergiinae]. The subtribe Muhlenbergiinae was fi rst circumscribed by Pilger (1956) where he recognized a single genus, Muhlenbergia with the following eight sections: Acroxis (Trin.) Bush, Bealia (Scribn.) Pilg., Cinnastrum (E. Fourn.) Pilg., Clomena (P. Beauv.) Pilg., Muhlenbergia , Podosemum (Desv.) Pilg., Pseudosporobolus Parodi, and Stenocladium (Trin.) Bush. In this same treatment, Pilger recognized the genus Epicampes J. Presl (included in subtribe Sporobolinae Ohwi by Pilger), a name now placed in synonymy within Muhlenbergia . Subsequent authors have agreed that Pilger ' s infrageneric treatment of Muhlenbergia was not phylogenetically informative ( Soderstrom, 1967 ; Pohl, 1969 ; Morden, 1985 ; Peterson and Annable, 1991 ) . With the accumulation of other types of data, i.e., leaf and embryo anatomy, Muhlenbergia became fi rmly placed in the Chloridoideae, although it has been aligned in a variety of tribes/subtribes, including Eragrostideae and Sporobolinae ( Reeder, 1957 ; Stebbins and Crampton, 1961 ; Clayton and Renvoize, 1986 ; Peterson et al., , 1997 .
Species within the Muhlenbergiinae are morphologically highly variable and can be characterized as having membranous ligules (rarely a line of hairs); paniculate infl orescences that are rebranched or composed only of primary branches; spikelets that are usually solitary but sometimes in pairs or triads, with cleistogenes (self-pollinated fl owers that do not open at maturity) occasionally present in the leaf sheaths; one fl oret (rarely more) per spikelet that is perfect, staminate, or sterile; glumes that are awned or unawned; lemmas 3-nerved, awned or unawned; and a base chromosome number of x = 8 − 10 ( Peterson et al., , 2007a Peterson, 2000 ) . Two subtypes of C 4 photosynthesis based on nicotinamide adenine dinucleotide cofactor malic enzyme (NAD-ME) and phosphoenolpyruvate carboxykinase (PCK) have been found in the Muhlenbergiinae with a few verifi ed by biochemical assay ( Gutierrez et al., 1974 ; Brown, 1977 ; Hattersley and Watson, 1992 ) .
On the basis of anatomy, morphology, and cytology, Soderstrom (1967) distinguished two subgenera within Muhlenbergia and divided M . subg. Podosemum (Desv.) Soderstr. (= M . subg. Trichochloa A. Gray, an older name) into two sections, sect. Podosemum (Desv.) Pilg. and sect. Epicampes (J. Presl) Soderstr. Two years later, Pohl (1969) completed a revision of 12 closely related species that he believed represented the entire M . subg. Muhlenbergia in North America. Based on anatomy, morphology, cytology, and fl avonoid chemistry, 29 annual species of Muhlenbergia have been investigated and placed in tentative natural groups ( Peterson and Rieseberg, 1987 ; Peterson, 1988a Peterson, , b , 1989a Peterson et al., 1989 ; Peterson and Annable, 1991 ) . Morden and Hatch (1987 , 1996 ) investigated the anatomical and morphological variation of six species they referred to as the M. repens complex. A biosystematics study investigating the M. montana complex (consisting of 15 species) has been completed ( Herrera and Grant, 1993 , 1994 ; Herrera Arrieta, 1998 ) . Molecular genetic data of intersimple sequence repeats (ISSRs) were investigated for M. capillaris (Lam.) Trin., M. expansa (Poir.) Trin., and M. sericea (Michx.) P. M. Peterson ( Gustafson and Peterson, 2007 ) . We targeted seven regions for sequencing: three from the plastid large single copy (LSC) region: rps3 (coding), rps16 intron, and 3 ′ rps16-5 ′ trnK (spacer); three from the small single copy (SSC) region: ndhF (coding), ndhA intron, and rpl32-trnL (spacer); and nrDNA ITS. Intergenic spacers rpl32-trnL (SSC) and rps16-trnK (LSC) are two of the top ranked, most variable noncoding regions for phylogenetic studies in the angiosperms ( Shaw et al., 2007 ) . We chose the widely used ndhF gene (SSC) to recover phylogenetic relationships because it proved useful in other groups of grasses ( Giussani et al., 2001 ; Soreng et al., 2007 ; Romaschenko et al., 2010 ) . The sequences, melting temperature, quality, and references for the primers used are given in Peterson et al. (2010) .
The amplifi cation parameters for all plastid and the nuclear ribosome ITS regions follow Peterson et al. (2010) . All PCR products were cleaned with Exo-SAP-IT (USB, Cleveland, Ohio, USA). DNA sequencing was performed with BigDye Terminator Cycle Sequencing v.3.1 (PE Applied Biosystems, Foster City, California, USA) according to the following parameters: 80 ° C, 5 min; 25 or 30 cycles of 95 ° C for 10 s, 50 ° C for 5 s and 60 ° C for 4 min. Sequenced products were analyzed on an ABI PRISM 3730 DNA Analyzer 7900HT. The regions rpl32-trnL , rps3 , rps16 intron, 3 ′ rps16-5 ′ trnK , ndhF (coding region), and ITS were sequenced in one direction. Relatively short regions (500 -750 bp) covered by our primers were easily interpreted allowing us to accumulate sequences from different parts of the genome for phylogenetic inference ( Shaw et al., 2005 ( Shaw et al., , 2007 . The ndhA intron (933 bp) was sequenced in both directions and the program Sequencher 4.8 (Gene Code Corp., Ann Arbor, Michigan, USA, 1991 -2007) was employed to produce the contig sequence for the entire region.
Phylogenetic analyses -Sequence alignment was done manually using the program BioEdit v.7.0.5.3 ( Hall, 1999 ) . Several ambiguously aligned regions were excluded from analyses. The length of sequences and amount of excluded data for each region is presented in Table 2 . We used the maximum parsimony analysis implemented in PAUP* to calculate the tree length (TL), consistency index (CI), homoplasy index (HI), retention index (RI), and rescaled consistency index (RC) for separate and combined regions ( Table 2 ) . No data were excluded from rps3, rps16 intron, and ndhA intron. All gaps were treated as missing data. We used maximum likelihood and Bayesian analysis to infer phylogeny. The maximum likelihood (ML) analysis was conducted with the program GARLI 0.951 ( Zwickl, 2006 Using an analysis of plastid and nuclear DNA sequences, we provide a clear phylogeny for 124 of the 176 (70%) species that occur in the Muhlenbergiinae. We estimate the phylogeny of the Muhlenbergiinae based on the analysis of seven molecular markers (nuclear ITS and plastid ndhA intron, ndhF, rps16-trnK, rps16 intron, rps3 , and rpl32-trnL DNA sequences). Previously, Columbus et al. (2010) considered 52 species of Muhlenbergia (plus 14 additional species from the other nine Muhlenbergiinae genera) for two molecular markers (nuclear ITS and plastid trnL-F DNA sequences). We include an expanded survey of the Muhlenbergiinae by sampling an additional 105 species for seven markers (687 new sequences), which is a signifi cant advance over Peterson et al. (2010) and Columbus et al. (2010) . Our study includes 109 species of Muhlenbergia, 15 additional species from the other nine Muhlenbergiinae genera and sequences for six plastid and ITS markers. We compare the ITS and plastid based phylogenies with the classifi cations in Columbus et al. (2010) and Peterson et al. ( , 2007a Peterson et al. ( , 2010 . In addition, we seek morphological and anatomical characters supporting relationships in the molecular phylogenies and propose changes to the classifi cation.
MATERIALS AND METHODS
Taxon sampling -Representatives of 37 genera were chosen as outgroups from the Chloridoideae clade in Peterson et al. (2010) Table 2 ( Kimura, 1981 ; Tavar é , 1986 ; Posada and Crandall, 1998 ) . Very little confl ict was observed among maximum likelihood trees in the individual plastid analyses. The incongruence length difference (ILD) test ( Farris et al., 1994 ) was implemented in the program WinClada ver. 1.00.08 ( Nixon, 2002 ) to test for incongruence between the ITS and plastid data sets. Default parameters for 1000 replicates were executed.
Bootstrap analyses ( Felsenstein, 1985 ) were performed for the ML analysis using GARLI with the default parameters for 1000 replicates, with the program PAUP* ver. 4.0b10 ( Swofford, 2000 ) used to compute the bootstrap consensus tree. Bootstrap (BS) values of 90 -100% were interpreted as strong support, 70 -89% as moderate, and 50 -69% as weak.
Bayesian posterior probabilities were estimated using the program MRBAYES ver. 3.01 ( Huelsenbeck and Ronquist, 2001 ; Ronquist et al., 2005 ) with DNA substitution models selected using the program MrModeltest ver. 1.1b ( Nylander, 2002 ) . The plastid data set and combined plastid+ITS data set for Bayesian analysis were then partitioned into two subsets that were processed implementing different parameters suggested by MrModeltest concerning the model for among site rate variation, number of substitution types, substitution rates, and gamma shape parameter. All other parameters were left at default settings. Each Bayesian analysis was initiated with random starting trees and was initially run for 2 million generations, sampling once per 100 generations. The analysis was continued until the value of standard deviation of split sequences dropped below 0.01 as the convergence diagnostic value ( Huelsenbeck and Ronquist, 2001 ) . The fraction of the sampled values discarded as burn in was set at 0.25.
RESULTS
Phylogenetic analyses -A total of 687 sequences representing 105 species are newly reported in GenBank (Appendix 1). Lengths sequenced for individual regions are noted in Table 2 . Plastid rpl32-trnL had the highest rate of amplifi cation and successful sequencing with 99% of taxa recovered across the entire data set. Recovery in other plastid regions ranged from 91 -98%, and the effectiveness of sequencing the ITS region was 97% ( Table 2 ). An average of 4.5% of data was missing across the entire data set. As expected, ITS provided the most information per aligned nucleotide ( Table 2 ; the ratio of the number of parsimony informative characters (PIC) per sequence length (SL) was 0.466, compared with 0.147 -0.371 for plastid regions).
Analysis of ITS sequences -There are fi ve major clades within a monophyletic Muhlenbergiinae (moderate support), labeled in Fig. 1 Analysis of plastid sequences -As in the ITS tree, fi ve major clades appear to be within a monophyletic Muhlenbergiinae (strongly supported), and these are labeled in Fig. 2 and M. mexicana var. fi liformis . However, these relationships were depicted in the ITS-derived phylogram. Therefore, in the following sections we will refer to the combined plastid ITSderived phylogram when discussing evolutionary scenarios. In the discussion section, we make all necessary combinations and new names within Muhlenbergia.
Analysis of outgroups -Determination of the sister to the Muhlenbergiinae allows us to test the monophyly of the subtribe and to polarize morphological and anatomical characters. The ITS and plastid trees differed in relative branch length, support values that occur on these branches, and topology among the 38 taxa used as outgroups. In the ITS phylogram ( Fig. 1 ) the sister to the Muhlenbergiinae was a clade (PP = 0.75) containing Sohnsis fi lifolia as sister to the Scleropogoninae. In the plastid and combined ITS/plastid tree ( Figs. 2, 3 ) , Sohnsia fi lifolia was sister to the Muhlenbergiinae, and the Scleropogoninae was the sister group to both of these. Relative positions of Swallenia , Tragus , and Jouvea differ among the ITS, plastid, and combined ITS/plastid phylograms. Relationships among these three taxa in the tribe Cynodonteae have been thoroughly investigated by Peterson et al. (2010) using a much broader sample.
DISCUSSION
Monophyly of the Muhlenbergiinae is moderately to strongly supported by our data in all trees and Muhlenbergia , as traditionally treated by agrostologists, is depicted as paraphyletic with Aegopogon , Bealia , Blepharoneuron , Chaboissaea , Lycurus , Pereilema , Redfi eldia , Schaffnerella , and Schedonnardus embedded within this clade ( Duvall et al., 1994 ; Hilu and Alice, 2001 ; Columbus et al., 2007 Columbus et al., , 2010 Peterson et al., 2010 ) . Because the monophyly of Muhlenbergia s.s. or s.l. is not supported by phylogenetic analysis of ITS, matK , ndhA intron, ndhF, rps16-trnK, rps16 intron, rps3 , and rpl32-trnL, trnL-trnF sequences, and RFLP studies ( Duvall et al., 1994 ; Hilu and Alice, 2001 ; Columbus et al., 2007 Columbus et al., , 2010 Peterson et al., 2010 ) , we are incorporating all nine genera within Muhlenbergia . Within the Muhlenbergia clade (=Muhlenbergiinae) there are fi ve large, well-supported clades: Muhlenbergia sect. Bealia , M . subg. Trichochloa , M . subg. Clomena , M . sect. Pseudosporobolus , and M . subg. Muhlenbergia .
The M . subg. Muhlenbergia clade includes only species that exhibit PCK-like leaf anatomical characteristics, where the chlorenchyma is composed of tabular cells that are indistinctly radiate and continuous between bundles [PCK type, defi ned as centrifugal/evenly distributed photosynthetic carbon reduction (PCRD) cell chloroplasts (with grana), the major veins (which, at maturity have a protoxylem lacuna and large metaxylem elements) are surrounded by two bundle sheaths, an inner mestome sheath of elongate nonchlorenchymatous cells and an outer chlorenchymatous sheath of shorter PCRD cells (designated XyMS+structural type; Watson, 1976 , 1992 ; Dengler et al., 1986 ) with suberized lamella, fan-to shield-shaped bulliform cells without formation of a complete column of colorless cells from the adaxial to the abaxial surface, and species that have four or more secondary and/or tertiary vascular bundles between consecutive primary vascular bundles ( Peterson and Herrera Arrieta, 2001 (Fig.  2B ) rather than to M. implicata in the ITS tree (Fig. 1B) .
The Analysis of combined plastid and ITS sequences -The ILD test ( P = 0.1667; 99% confi dence level) failed to reject the null hypothesis of congruence between the ITS and plastid data sets; therefore, we combined them. As in the ITS and combined plastid trees, fi ve major clades seem to be within a monophyletic Muhlenbergiinae (strongly supported), and these are labeled in Fig. 3 as Muhlenbergia sect. Bealia (strongly supported), M . subg. Trichochloa (strongly supported), M . subg. Clomena (moderately supported), M . sect. Pseudosporobolus (moderately supported), and M . subg. Muhlenbergia (strongly supported). Species composition in each of these fi ve clades is again identical with the ITS and plastid-derived phylograms. As in the other analyses, Muhlenbergia sect. Bealia and subg. Trichochloa share a common ancestor (strongly supported), and M . subg. Clomena and sect. Pseudosporobolus form a clade (strongly supported) that is sister to M . subg. Muhlenbergia (strongly supported). Muhlenbergia ramulosa is sister to M . sect. Bealia and M . subg. Trichochloa as in the ITS-derived phylogram.
The overall topology of the combined phylogram is remarkably similar to that of the plastid-derived tree, even in the terminal branches. There are only some minor differences with the plastid phylogeny, most notably in M . sect. Pseudosporobolus where M. fastigiata is sister (strongly supported) to two accessions of M. richardsonis and in M . subg. Muhlenbergia where M. sobolifera -M. tenuifl ora form a clade (strongly supported) that is sister (strongly supported) to M. racemosa , M. californica , ( M. porteri is an exception with open, 6 -15 cm wide panicles) ( Peterson, 2003 ) . Our study supports a previous hypothesis of Peterson and Herrera Arrieta (2001) that within Muhlenbergia the evolution of the PCK subtype of photosynthesis was a single evolutionary event. Early in the evolution of Muhlenbergia , the PCK-like condition appears to have arisen once, because all species that have been chemically assayed as PCK occur in this clade ( Gutierrez et al., 1974 ; Brown, 1977 ) . Ecologically, Muhlenbergia PCK-like species are able to fl ourish in shaded sites and forest margins with low-light intensities and moisthumid microhabitats that are not normally occupied by their NAD-ME relatives.
In our ITS phylogram within the M . subg. Muhlenbergia clade, species of Pereilema do not appear monophyletic because they form a poorly supported grade (BS = 67, PP = 0.97), and P. ciliatum is paired with M. fl exuosa (unsupported). In our plastid and combined phylogram, all species of Pereilema form a weak to moderately supported clade. Because it would require quite a few parallel evolutionary events to select for the morphological features expressed in this genus, our plastid markers may be a better estimate of phylogeny in this lineage. All four species of Pereilema have two unique characters: sterile, bristle-like spikelets that subtend the fertile spikelets and prominent blade auricles that are usually ciliate ( Peterson, 2000 ) .
Embedded with M . subg. Muhlenbergia is a strongly supported clade containing Aegopogon cenchroides and A. tenellus . The four species of Aegopogon have a false spike with each branch usually bearing three spikelets with one larger spikelet perfect and the other two smaller and often staminate or rudimentary (two spikelets in A. bryophilus D ö ll with one spikelet often not developed) ( Peterson, 2000 ) . The recently described species M . tarahumara ( Peterson and Columbus, 2009 ) was found in our study to be sister to Aegopogon in all trees. Muhlenbergia tarahumara differs from other species of Aegopogon by having panicle branches with only two terminal, perfect spikelets ( Peterson and Columbus, 2009 ). Anatomically, M. tarahumara also differs from other species in M . subg. Muhlenbergia by having noncontiguous chlorenchyma separated by columns of colorless cells between adjacent vascular bundles. Other species in this clade ( M. paucifl ora and M. polycaulis ) exhibit this leaf anatomical characteristic, at least near the middle of the blades. However, near the leaf margins, the tertiary vascular bundles of these latter two species have chlorenchyma tissue that is continuous between each adjacent vascular bundle. All other characteristics, i.e., presence of two bundle sheaths, uneven outline of the outer sheath, round shape of chloroplasts in the outer sheath, and centrifugal/peripheral position of the chloroplasts in each cell, are predictive of PCK for M. paucifl ora , M. polycaulis , and M. tarahumara . Because the habitat where M. tarahumara is found is rather xeric (slopes, ridge tops, rock outcrops), the columns of colorless cells between adjacent vascular bundles, like most NAD-ME species, facilitate involution of the leaf blades, an adaption to periods of drought. PCK-like leaf anatomy appears to have arisen once in the evolution of the Muhlenbergiinae, and this morphology is linked to species that occupy slightly more mesic habitats ( Peterson and Herrera Arrieta, 2001 ) . The anatomical structure found in M. tarahumara, and to some extent in M. paucifl ora and M. polycaulis, might be in direct response to the environment where reversion to NAD-MElike leaf structure is likely an adaptive feature.
The Chinese species M. himalayensis , M. hueglii , M. japonica , and M. ramosa form a clade within M . subg. Muhlenbergia with moderate bootstrap support in the plastid and combined plastid/ITS phylograms, suggesting a single colonization event, most likely from North American origins. Only seven native species of Muhlenbergia occur in southeast Asia, and all seven are reported in the fl ora of China ( Wu and Peterson, 2006 ) . The Asian species of Muhlenbergia are predominately rhizomatous (only M. duthieana Hack. is loosely caespitose without rhizomes) and occur in similar habitats to most species in M . subg. Muhlenbergia , such as mountain slopes, forests, and along moist roadsides. Muhlenbergia californica , M. mexicana var. fi liformis , M. racemosa , M. schreberi , M. sobolifera , and M. tenuifl ora are sister to these Chinese species, and together they are sister to the remaining species within M . subg. Muhlenbergia , suggesting that colonization from North America to southeastern Asia occurred relatively recently in the evolution of this subgenus ( Figs. 1 -3) .
Three sections of Muhlenbergia recognized by Pilger (1956) :
. sobolifera , and M . tenuifl ora ) included species in our subg. Muhlenbergia clade. In our phylograms, there are no clades that correspond with Pilger ' s sections; therefore, we agree with earlier authors that his treatment was not phylogenetically informative ( Soderstrom, 1967 ; Pohl, 1969 ; Morden, 1985 ; Peterson and Annable, 1991 ) .
Although the clade of species representing the M . subg. Trichochloa is strongly supported in our analyses ( Figs. 1, 3 ) , there is little resolution among members, likely refl ecting very low levels of divergence within our plastid and nrDNA ITS sequences. The low level of divergence may be a consequence of rapid speciation events. It is possible that some species delimitations of subg. Trichochloa are not tenable because of recent diversifi cation although it may also be the case that suitable molecular markers have yet to be applied. Within Muhlenbergia , this group is by far the most diffi cult to determine because there are very few morphological differences among the taxa and discrete (nonplastic) characteristics are few. Anatomically, most species in this clade have sclerosed phloem, a crown of infl ated cells located adaxially to the primary vascular bundles, unequal secondary and tertiary vascular bundles, and primary vascular bundles that are either rectangular or obovate/elliptic in shape ( Peterson and Herrera Arrieta, 2001 ) . Species in M. subg. Trichochloa are erect, relatively tall (0.8 -3 m), robust and stout, caespitose perennials that have unnerved or 1-nerved glumes ( Soderstrom, 1967 ; Peterson, 2000 ) . Pilger (1956) Peterson and Herrera Arrieta (2001) , but the species treated by Soderstrom (1967) in his subg. Podosemum (= M . subg. Trichochloa ) are the same.
The clade of M . subg. Clomena (= M. montana complex sensu Herrera Arrieta, 1998 ) is moderately supported in our analysis, and morphologically, this complex includes species that have 3-nerved upper glumes that are often 3-toothed and densely caespitose individuals with lower leaf sheaths that become fl at and somewhat papery at maturity ( Reeder and Reeder, 1995 ; Herrera Arrieta, 1998 ) . Muhlenbergia argentea , a species with 1-nerved upper glumes, slightly compressed-keeled sheaths, Nash (1898) to emphasize the densely pilose margins and midvein of the lemma found in B. tricholepis . Blepharoneuron shepherdii also has densely pilose margins and midvein of the lemma and a base chromosome number of x = 8, prompting Peterson and Annable (1990) to place Muhlenbergia shepherdii (Vasey) Swallen in Blepharoneuron . The overall morphology of B. shepherdii with species in the M. fragilis -M. annua -M. majalcensis clade ( Fig. 3 , moderately supported) and the M. minutissima -M. sinuosa pair ( Fig. 3 , moderately supported) is striking because all are slender annuals with unawned lemmas, with capillary, fl exuous pedicels that are often nodding Annable, 1990 , 1991 ) . Sister to the Blepharoneuron pair is a strongly supported clade comprising M. caxamarcensis, M. fi liformis , and M. vaginata ( Fig. 3 ) . With the inclusion of M. ligularis ( Columbus et al., 2010 ) , these latter four taxa form a tight assemblage of short-lived perennial to annual, mat-forming species with short culms not exceeding 35 cm in height, narrow to loosely contracted panicles, and unawned, mucronate or shortawned lemmas ( Laegaard and S á nchez Vega, 1990 ; Peterson and Annable, 1991 In our study, M. ramulosa does not align within any subgenus or section but is sister to all Muhlenbergiinae in the ITS phylogram (not well supported in Fig. 1 ) or sister to M . sect. Bealia and M . subg. Trichochloa in the plastid and combined phylograms (strongly supported in Figs. 2 and 3 ) . Earlier molecular studies of the Muhlenbergiinae (ITS and trnL-F ) are also unable to confi rm the affi nity of M. ramulosa ( Columbus et al., 2010 ) , clearly a distinctive taxon, phylogenetically, wherever it belongs. Morphologically, M . ramulosa is very similar to many of the small delicate annuals that reside in M . sect. Bealia . At this time, we are not prepared to erect a subgeneric ranking to accommodate only M. ramulosa .
Cleistogamous spikelets appear to have evolved twice within the Muhlenbergiinae, once in the M . subg. Muhlenbergia where M. appressa , M. brandegei , and M. microsperma (all annuals) form a strongly supported clade ( Fig. 3 ) and in M . sect. Pseudosporobolus known only from a few collections of M. cuspidata ( Morden and Hatch, 1984 ) . The formation of cleistogamous spikelets could actually be more common among the Muhlenbergiinae, but is undocumented to date.
Sclerosed phloem appears to have evolved a minimum of four times within the Muhlenbergiinae because it is found in M. arenicola -M. torreyi clade in sect. Bealia , the subg. Trichochloa clade, the subg. Clomena clade, and in M. jaime-hintonii (sect. Pseudosporobolus ). In a cladogram derived entirely on the analysis of 16 anatomical characters within Muhlenbergia , Peterson and Herrera-Arrieta (2001) indicated that sclerosed phloem originated twice.
Biogeography -All three phylograms suggest that the Muhlenbergiinae originated in North America; for example, the sister group (Scleropogoninae in Fig. 1 ; or Sohnsia fi lifolia and Scleropogoninae in Figs. 2 and 3 ) are predominantly North and fl attened caryopses ( Reeder and Reeder, 1995 ) was included by Herrera Arrieta (1998) in her study of the M. montana complex; however, this taxon occurs in our clade of M . subg. Bealia . We provide evidence for the exclusion of M. argentea and the addition of two annual species, M. crispiseta and M. peruviana ( Peterson and Annable, 1991 ) ( Peterson and Herrera Arrieta, 2001 ) .
The moderately supported clade of M. sect. Pseudosporobolus ( Fig. 3 ) includes a diverse assemblage of species, such as Schedonnardus paniculatus , that has panicles with long primary branches that do not rebranch, hence containing nearly sessile spikelets; Redfi eldia fl exuosa with 2 -6-fl owered spikelets, a line of hairs for a ligule, and open and diffuse panicles with capillary branches very similar to M. asperifolia , also occasionally with 2-or 3-fl owered spikelets; Schaffnerella gracilis , a little known endemic of San Luis Potos í , Mexico ) that has panicles composed of short primary branches, each bearing a triad of 1-fl owered spikelets, 7 -9-nerved lemmas that have 3 -5 awns, all enclosed in a spathiform sheath; Lycurus setosus with spikelets that are grouped in pairs, one sessile and one pedicellate; and Chaboissaea with one or two (occasionally three) fl orets per spikelet, the lower fl oret perfect and the upper fl orets staminate or sterile ( Reeder, 1985 ; S á nchez and R ú golo de Agrasar, 1986 ; Peterson and Annable, 1992 ; Peterson 2000 ; Peterson et al., 2007b ) . Embedded in M . sect. Pseudosporobolus is a strongly supported clade ( Fig. 3 ) consisting of M. fastigiata , M. repens , M. richardsonis , and M. utilis , all earlier treated as the M. repens complex ( Morden, 1985 ; Morden and Hatch, 1987 , 1996 ) . These four species are characterized by having short culms seldom exceeding 40 cm in height; a rhizomatous perennial habit, short involute leaf blades; short, narrow, contracted panicles; plumbeous spikelets; and unawned or mucronate lemmas ( Morden, 1985 ; Morden and Hatch, 1987 , 1996 ) . Muhlenbergia villifl ora var. villosa was included in Morden ' s M . repens complex, but in our analyses, it is sister to the Ecuadorian endemic M. palmirensis ( Fig. 3 , moderately supported; Fig. 2 , strongly supported) . Most species in M . sect. Pseudosporobolus have well-developed abaxial and adaxial sclerenchyma in their primary vascular bundles, narrow panicles, usually plumbeous spikelets, and unawned to mucronate lemmas ( Peterson and Herrera Arrieta, 2001 ). Exceptions to these general trends include the short-awned Lycurus setosus and long-awned M. implicata, and the broad and open-panicled M. asperifolia, M. implicata , and Redfi eldia fl exuosa . The characteristic of having 2 -3( -6)-fl owered spikelets is also quite common in M . sect. Pseudosporobolus because it is found in Chaboissaea atacamensis , C. ligulata , C. subbifl ora , M. arenacea , M. asperifolia , M. cuspidata , M. fastigiata , M. richardsonis , M. unifl ora , and Redfi eldia fl exuosa .
The strongly supported clade of M . sect. Bealia contains few unique morphological characteristics shared among its members. However, all species in this clade have lemmas with hairy margins and midveins and caespitose or tufted culms, characters that are shared by many species in the M . subg. Trichochloa American species. The phylogenetic arrangement of the various tribes, subtribes, and genera in our analysis is similar to that found in Peterson et al. (2010) in which the Zoysieae is sister to the Cynodonteae, and within the Cynodonteae nested clades of the Aeluropodinae and Triodiinae are fi rst, followed by the Orcuttiinae (not included), Tridentinae, Eleusininae, Tripogoninae (not included), Pappophorinae (not included), Traginae, an almost entirely New World clade with the Allolepis -JouveaHilariinae sister to the Monanthochloinae-Scleropogoninae, Sohnsia fi lifolia , Lepturidium insulare Hitchc. & Ekman (not included), and the remaining Muhlenbergiinae. Within the Muhlenbergiinae, multiple independent radiations to South America have occurred one or more times in each of the three subgenera and two sections (blue and purple taxa in Figs. 1 -3) , and 15 species occur in both North and South America. The study of amphitropical disjunctions within the Muhlenbergiinae has indicated a North American origin and recent introduction into South America for at least three species ( Peterson and Herrera Arrieta, 1995 ; Sykes et al., 1997 ; Peterson and Morrone, 1998 ; Peterson and Ort í z Diaz, 1998 ; Peterson et al., 2007a ) . Other plant groups with similar desert, amphitropical disjunct distributions have all been postulated to be of recent origin, i.e., late Pliocene to Pleistocene ( Raven, 1963 ; Wen and Ickert-Bond, 2009 ).
Within M . subg. Muhlenbergia , there is evidence for a single colonization event in southeastern Asia (red taxa in Figs. 1 -3) . Intercontinental disjunctions between eastern North America and eastern Asia have been investigated in insects ( von Dohlen et al., 2002 ) and plants ( Wen, 1999 ( Wen, , 2001 Wen et al., 2002 ) . This fl oristic disjunction has resulted from fragmentation and range restriction of a widespread mesophytic forest during the past that attained its intercontinental distribution via the Bering and North Atlantic land bridges (e.g., Manchester, 1999 ; reviewed in Wen, 1999 reviewed in Wen, , 2001 . Because the Asian Muhlenbergia clade is deeply nested, it seems likely that these species attained their current distribution recently, at least post Pleistocene. Estimates of introduction dates will be the topic of a forthcoming biogeographic study with the use of additional markers and a more complete sample of the species in the subtribe.
Taxonomy -Because our molecular analysis renders Muhlenbergia paraphyletic, we propose incorporating Aegopogon , Bealia , Blepharoneuron , Chaboissaea , Lycurus , Pereilema , Redfi eldia , Schaffnerella , and Schedonnardus within Muhlenbergia . Muhlenbergia is the oldest name. Expansion of the circumscription to include these nine genera within Muhlenbergia requires the least amount of nomenclatural changes and still allows us to recognize a strongly supported monophyletic and morphologically cohesive unit. A complete classifi cation for the Chloridoideae of the New World can be found in Soreng et al. (2009) , and an attempt to place most genera within the subfamily into the four recognized tribes is found in Peterson et al. (2010) . Below, we list all species in these nine genera and provide their name in Muhlenbergia . Our analysis also supports the recognition of fi ve major clades within Muhlenbergia , and for consistency in rank, we propose two new subgeneric combinations below.
Muhlenbergia alopecuroides (Griseb.) P. M. 
